The Ki-ras gene is frequently mutated and/or overexpressed in human cancer. Since it is suspected to play a key role in the pathogenesis of many tumors, there is interest to search for strategies aiming at the specific inhibition of this oncogene. In this paper, we investigated the capacity of a 20 mer G-rich oligonucleotide (ODN 20 ) conjugated to high molecular weight monomethoxy polyethylene glycol (MPEG) to inhibit the expression of the Ki-ras gene and the proliferation of pancreatic cancer cells. The conjugate, MPEG ODN 20 , was designed to form a triplex with a critical pur/pyr sequence located in the promoter of the Ki-ras gene. To make the conjugate resistant to endogenous and exogenous nucleases, five phosphorothioate linkages were introduced in its backbone. Confocal microscopy and FACS experiments showed that MPEG ODN 20 had a higher capacity to penetrate the cell membranes and accumulate in the nucleus of Panc-1 cells than ODN 20 . Incubation of Panc-1 cells with MPEG ODN 20 reduced specifically the levels of Ki-ras mRNA and RAS protein p21 RAS . A single-dose administration of MPEG ODN 20 was sufficient to inhibit cell proliferation by about 50% compared with control. By contrast, the antiproliferative activity of the unconjugated ODN 20 analog was found to be not significant. Band-shift and footprinting experiments showed that MPEG ODN 20 formed a weak triplex (K d B1.5 mM at 371C, 50 mM Tris-acetate, pH 7.4, 10 mM NaCl, 10 mM MgCl 2 , 5 mM spermidine) with the Ki-ras pyr/pur motif, suggesting that its bioactivity can hardly be mediated by a triplex-based mechanism. Here, we provide evidence that, in vitro, ODN 20 and MPEG ODN 20 competitively inhibit the binding to the Ki-ras pur/pyr motif of a nuclear protein, suggesting that the activity of MPEG ODN 20 occurs with an aptameric mechanism. The biological implications of this study are discussed.
A nti-gene oligonucleotides (ODNs) are interesting tools for the specific inhibition of gene expression. They are designed to bind to the double helix of DNA at polypurine-polypyrimidine (pur/pyr) sequences through the formation of a triple-helical complex stabilized by hydrogen bonds in the Hoogsteen or reverse-Hoogsteen configuration.
1-4 AG-and GT-motif ODNs form stable triplexes under physiological conditions and therefore have been used to manipulate gene functions in cultured cells [5] [6] [7] [8] [9] [10] [11] [12] and animals. 13 There is a growing interest in the use of anti-gene ODNs to develop new therapeutical strategies to downregulate the expression of diseaseassociated genes. The use of ODNs, however, is restricted by inefficient cellular uptake, 14 aggregation 15 and susceptibility to nuclease degradation. 16 A covalent modification that increases the resistance of ODNs against endogenous and exogenous nucleases is the sulfurization of the phosphate groups. 17 The cellular uptake is generally enhanced by delivering the ODNs with cationic liposomes. These delivery molecules may be toxic to the cells and may promote electrostatic nonspecific interaction with basic proteins of the plasma or cytoplasm. Aware of these complications, it has been recently proposed to coat cationic liposomes with polyethylene glycol in order to reduce nonspecific interactions. 18 This approach appears interesting but may suffer from the difficulty of the entrapped ODNs to leave the liposome interior. In the light of this background, we reasoned that the direct linkage of polyethylene glycol to ODNs should result in conjugates still capable to recognize their target but with enhanced capacity to penetrate cell membranes. We check this hypothesis by designing a 20 mer triplex-forming ODN potentially capable to bind to the Ki-ras gene, located in chromosome 12, at the 12p12.1 locus. In particular, the designed ODN was expected to recognize a critical pur/pyr site located in the promoter of the human Ki-ras gene, which is involved in transcription regulation. 19 The designed anti-Ki-ras ODN was synthesized step-by-step by a liquid procedure 20 using a monomethoxy poly(ethylene glycol) (MPEG) of 10,000 Da as soluble polymeric support and conjugating agent. The ODN linked to MPEG was called MPEG ODN 20 . A stable phosphate bond was introduced between MPEG and the 3 0 -terminus of the ODN, while a fluorescein residue was linked at its 5 0 -terminus, in order to perform uptake studies. The inhibitory capacity of the conjugate was tested in epithelioid carcinoma pancreatic cells (Panc-1), which express a mutated form of Ki-ras, encoding for a protein, p21
RAS , which plays a key role in the malignant transformation of the cells. There is nowadays a great interest to find out antineoplastic agents against pancreatic cancer. In western countries, this malignancy is characterized by a rather high incidence, with a very poor survival, as this cancer does not respond to conventional radio-and chemotherapy. 21 In this study we found, contrarily to what we expected, that MPEG ODN 20 formed with the Ki-ras pur/pyr motif a triplex of low thermodynamic stability (K d B1.5 mM), which suggested that the bioactivity of the conjugate could hardly be ascribed to triplex formation at the Ki-ras promoter. Interestingly, we found that both MPEG ODN 20 and ODN 20 competitively bind to a nuclear factor recognizing the Ki-ras pur/pyr motif. Moreover, we provide here evidence that the bioactivity of MPEG ODN 20 correlates better with its aptameric property rather than its capacity to form a triplex with a critical pur/pyr motif in the Ki-ras promoter. Aptamers are single-stranded ODNs that have the property to assume specific secondary/tertiary structures that allow high affinity binding to a variety of targets. Aptamer oligonucleotides can be isolated from massive combinatorial DNA or RNA libraries, 22 but a number of G-rich ODNs with aptameric properties have been identified through their unexpected biological activity. [23] [24] [25] [26] Aptamers have been identified to recognize a broad spectrum of targets, including metal ions, 27 drugs, 28 amino acids, 29 growth factors 30 and gene regulatory factors. [31] [32] [33] As aptamers can be designed or selected to bind tightly and specifically to proteins, they are regarded as potential therapeutic and diagnostic agents. In this context, the results of this study may be conceived as a first step towards the development of a new antiproliferative strategy based on the use of aptameric ODNs against the nuclear proteins binding to the critical Ki-ras pur/pyr motif.
Materials and methods

ODN synthesis
The MPEG-conjugated ODNs used in this study have been synthesized by a soluble polymer-supported procedure as previously described. 20 To allow confocal studies, the 5 0 -terminus of MPEG ODN 20 has been covalently linked to fluorescein to obtain MPEG ODN 20 -F. The correspondent nonconjugated analogues, ODN 20 and ODN 20 -F, as well as the ODNs used for band-shift and footprinting experiments have been purchased from MWG Biotech (Florence, Italy). The ODNs used for band-shift and footprinting experiments were purified by preparative 20% polyacrylamide gel electrophoresis (PAGE), in the presence of 7 M urea. The samples were lyophilized and stored at À201C. ODN concentrations of stock solutions in Milli Q water were determined by UV spectroscopy using as extinction coefficients at 260 nm 7500, 8500, 15,000 and 12,500 MÀ 1 cmÀ 1 for C, T, A and G, respectively.
Electrophoresis mobility shift assay (EMSA) and footprinting experiments
Electrophoresis mobility shift experiments were performed using as target a 32 mer duplex containing the pur/pyr sequence of the human Ki-ras promoter (Fig 1) . The target was prepared by annealing (2 hours at 601C, overnight at 371C) the pyrimidine strand end-labeled with [g-32 P]ATP (Amersham, Pharmacia-Biotech, Milan) and polynucleotide kinase (New England Biolabs, MA) with the complementary purine strand. A fixed amount of labeled duplex (B10 nM) was mixed with an excess amount of either ODN 20 or MPEG ODN 20 treated at 901C for 5 minutes, in 50 mM Tris-acetate, pH 7.4, 10 mM NaCl, 10 mM MgCl 2 , 5 mM spermidine, 50 ng/ml salmon sperm and the mixtures were incubated at 371C overnight. After incubation, the samples were run in a native 18% (or 10%) polyacrylamide gel (acrylamide/ bisacrylamide ¼ 19/1), thermostated at 371C. The gels were dried under reduced pressure at 801C and exposed overnight to autoradiography. DNA-protein binding was analyzed by EMSA. Radiolabeled Ki-ras duplex (10 nM) was incubated with 2 mg Panc-1 nuclear protein extract in 20 mM Tris-HCl (pH 8), 100 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, 8% glycerol, 200 ng poly d(I-C) for 2.5 hours at 371C in the presence or absence of competitor DNA, as specified in the figure legend. After incubation, the mixtures were run in a native 5% acrylamide gel (29:1, acrylamide:bisacrylamide) in TBE at 12 V/cm, 251C. The gels were then dried and exposed to autoradiography. Nuclear proteins were extracted from Panc-1 cells following a standard procedure. 34 DNase I footprinting experiments were performed using a 32 P-labeled duplex of 162 bp, containing the critical Ki-ras pur/pyr target (from 228 to 306, GenBank accession no. L00044). The 162 bp DNA fragment was prepared as follows. A 79 mer duplex from the Ki-ras promoter was cloned into the polylinker of Bluescript KS (SmaI site). The modified plasmid was digested with SacI, then dephosphorylated with phosphatase and digested with ApaI. The reaction mixture was run in a polyacrylamide gel and a fragment of 162 bp containing the pur/pyr target of Ki-ras was obtained. This DNA fragment was 5 0 -end labeled with [g 32 P]ATP and polynucleotide kinase. Following this approach, only one strand of the 162 mer target duplex was labeled. The labeled duplex (10 nM) was mixed with an excess amount of either MPEG ODN 20 or ODN 20 (1, 5 and 10 mM) and incubated overnight at 371C in 50 mM Tris-acetate, pH 7.4, 10 mM NaCl, 10 mM MgCl 2 , 5 mM spermidine, 50 ng/ml salmon sperm. The samples were digested with DNase I (Sigma-Aldrich, Milano) (2 ml of a solution containing 0.2 mg/ml enzyme in Tris-HCl 50 mM, pH 7.4, BSA 0.1 mg/ml) for 1 minute. The reaction, conducted in a 22 ml volume, was stopped by adding 22 ml of stop solution (90% formamide, 50 mM EDTA, pH 8 and bromphenol blue). The digested DNA was heated at 901C for 10 min, cooled in ice and immediately loaded in a polyacrylamide gel (18%) prepared in TBE and 8 M urea, pre-equilibrated at 551C in a Sequi-Gen GT Nucleic Acids Electrophoresis Apparatus (BioRad, CA), which was equipped with a thermocouple allowing a precise temperature control. After running, the gel was fixed in a solution containing 10% acetic acid and 10% methanol, dried at 801C and exposed to a Kodak X-OMAT film at À801C for few hours.
Confocal microscopy and FACS
Panc-1 cells were seeded in four-well Falcon culture slides at a density of 0.5. Â 10 5 cells in 500 ml of DMEM medium supplemented with 10% fetal bovine serum 24 h before adding the ODNs. The cells were treated with either ODN 20 -F or MPEG ODN 20 -F for few hours, washed twice with PBS and fixed with 3% paraformaldehyde in PBS for 20 minutes. After incubation with 0.1 M glycine containing 0.02% sodium azide in PBS to remove paraformaldehyde and Triton X-100 (0.1% in PBS), the cells were incubated with propidium iodide (6 ng/ml) and RNase A (0.4 mg/ml) for 30 minutes at 371C in order to stain the nuclei. Then cover glasses were mounted on the slides with Mowiol 4-88 and Dabco (2.5%). Cells were analyzed with a Leica DM IRBE confocal imaging system. Diaphragm and fluorescence detection levels were adjusted to reduce to a minimum any interference between fluorescein and propidium iodide channels. The amount of fluorescently stained cells was determined by flow cytometry using a FACScan (Becton Dickinson, Erembodegem, Belgium).
Cell cultures
Human exocrine pancreas epithelioid carcinoma cells, 35 Panc-1, were purchased from Istituto Zooprofilattico Sperimentale (Brescia, Italy). The cells were cultured in DMEM medium, containing 100 U/ml penicillin, 100 mg/ ml streptomycin, 200 mM L-glutamine and 10% fetal bovine serum (Celbio, Milano, Italy). Cells were maintained in logarithmic phase of growth subculturing twice weekly.
Northern and Western blots
Western and Northern blots were performed according to standard procedures. For Northern blots, about 10 mg of total RNA were run in 1% agarose denaturing gel and transferred to a positively charged nylon membrane (Pall Gelman Sciences, MI), using a buffer containing NaCl 3 M, NaOH 8 mM and sarcosyl 2 mM. The membrane was hybridized with a Ki-ras and GAPDH probes labeled with BrightStar TM Psoralen-Biotin Kit (Ambion, TX). 
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The Ki-ras probe is a 1100 bp cDNA that is obtained from vector pGEM-3Z Ki-ras (Dr G Santelli, Experimental Oncology, Naples), while the glyceraldhyde-3-phosphate dehydrogenase (GAPDH) probe is a 1400 cDNA fragment which is obtained from pBSK mouse GAPDH. Hybridization was carried out at 551C in a solution containing 1% SDS, 1 M NaCl, salmon sperm DNA 0.2 mg/ml and 30 ng/ml of labeled probe. Band detection was performed with North2Southt Chemiluminescent Nucleic Acid Hybridization and Detection Kit (Pierce, Il). Band intensity was measured with BioRad Image Analysis System.
Western blot analyses were performed on total cell lysates. About 60 mg of proteins, separated on 12% SDS-PAGE, were blotted on a nitrocellulose membrane (Sartorius, Germany). Cellular levels of p21 RAS and bactin were measured using commercially available monoclonal antibodies. For p21 RAS , we used as primary antibody a mouse monoclonal antibody specific for Kiras p21, used at 3.3 mg/ml (Clone 234-4.2, Oncogene, MA) and as secondary antibody Goat anti-mouse IgG (H þ L) Peroxidase Labeled (EuroClone, UK) (0.1 mg/ml, used 1000-fold diluted, equivalent to 0.1 mg/ml). For bactin, we used a commercial Actin (Ab-1) Kit (Oncogene, MA) (primary antibody used after a dilution of 1:20,000; 100 mg/ml of secondary antibody used after a dilution of 1:2000, equivalent to 0.05 mg/ml). Western blot analyses were performed following the protocol described by Zhongfa et al. 36 Intensity of the autoradiography bands was measured with an Ultroscan XL enhanced laser densitometer (LKB Bromma , Pharmacia Biotech).
Circular dichroism
CD spectra were recorded at various temperatures using a JASCO spectropolarimeter. Solutions of oligonucleotides (3 mM) were prepared in 50 mM Tris-HCl pH 7.4, 80 mM KCl, 1 mM MgCl 2 . Spectra were recorded in 0.5 cm quartz cuvette.
Results
Target of the triplex-forming MPEG-conjugated ODN
The promoter of the human Ki-ras gene contains a 22 mer C þ G rich (68%) pur/pyr motif that is essential for transcription. 19 This sequence is located between À328 to À306 nucleotides respective to the exon f/intron 1 boundary or between À148/À126 nucleotides respective to the major transcription site. Previous studies have shown that this target is an important transcription regulation site, 19, 37 and that it is recognized by GT and AG motif triplex-forming oligonucleotides. 38 To target the Ki-ras promoter at genomic level, we designed a modified 20 mer, AG motif, triplex-forming ODN called ODN 20 (Fig 1) . To increase its resistance to exogenous and endogenous nucleases, five phosphorothioate linkages were introduced in its sugar-phosphate backbone, while to enhance its cellular uptake, the 3 0 -end of ODN 20 was linked to a chain of MPEG with a molecular mass of 10,000 Da (MPEG ODN 20 ). Moreover, to study the cellular uptake by confocal microscopy, the 5 0 -end of both ODN 20 and MPEG ODN 20 was linked to fluorescein (ODN 20 -F and MPEG ODN 20 -F). In addition, three MPEG conjugates with a scramble sequence, unable to form a triplex with the Ki-ras pur/pyr, were used as controls. The sequences of the human Ki-ras target and of the designed triplex-forming ODNs are reported in Figure 1 .
Uptake of MPEG-conjugated ODNs by Panc-1 cells
The uptake of MPEG ODN 20 -F and ODN 20 -F was investigated by FACS and confocal microscopy. At 24 hours after the addition without any transfecting agent of the fluorescein-conjugated oligonucleotides to Panc-1 cells, the amount of fluorescence associated to the cells was determined by FACS, and judging from data obtained the cells harbored MPEG ODN 20 -F in amount about 6-7 times higher than that observed with ODN 20 (Fig 2a) . Moreover, we measured with a microplate spectrofluorometer the fluorescence associated to Panc-1 cells treated for 48 h with increasing amounts of MPEGconjugated ODNs and found that half maximal intracellular uptake occurred at 4-5 mM. Confocal microscopy reveals that MPEG ODN 20 -F is localized in both the cytoplasm and nucleus, whereas ODN 20 -F is mainly localized in the cytoplasm (Fig 2b) . Panels i and iv show the nuclei, stained in red with propidium iodide, of the cells treated with ODN 20 -F and MPEG ODN 20 , respectively. Panels ii and v show the fluorescent light emitted by ODN 20 -F and MPEG ODN 20 -F, respectively, while panels iii and vi show the superimposition of panels i-ii and iv-v. In order to investigate in detail the intracellular distribution of MPEG ODN 20 -F, we magnify a typical cell harboring MPEG ODN 20 -F and performed a number of x-z cross-sections with a z step of 0.1 mm (Fig 2c) . It can be noted that MPEG ODN 20 -F is mainly concentrated in the nucleus, with a high accumulation in the nucleoli. A confocal view corresponding the x-z section indicated by lane depicted in the figure is also shown.
As for the mechanism by which the ODNs were taken up by Panc-1 cells, we performed experiments at 41C. We observed that the uptake was active also at this low temperature (not shown). As the endosomal pathway is inhibited at 41C, this finding suggests that MPEG ODN 20 -F is internalized in the cells by direct fusion with the cellular membranes.
Oligonucleotide MPEG ODN 20 downregulates Ki-ras expression and inhibits cell proliferation
The level of Ki-ras mRNA in Panc-1 cells untreated and treated with MPEG ODN 20 , ODN 20 and control molecules have been determined by Northern blot analysis. To quantify the expression of Ki-ras mRNA, we also measured the level of GAPDH mRNA: a housekeeping gene whose expression is not expected to be affected neither by MPEG ODN 20 nor by ODN 20 . Figure 3a shows the percent T/C ratio between Ki-ras mRNA/ GAPDH mRNA measured in treated Panc-1 cells (T) and Ki-ras mRNA/GAPDH mRNA measured in untreated cells (C). It is found that 10 mM MPEG ODN 20 , after 24 hours incubation with Panc-1 cells, inhibits specifically the transcription of Ki-ras by about 30%, compared with cells treated with the control molecules. In contrast, the nonconjugated ODN 20 does not promote any inhibition of transcription. Using oligonucleotides at the concentrations of 15 mM, we obtained similar results (not shown). We evaluated, by means of immunochemical assays, the level of the protein encoded by the Ki-ras gene, p21
RAS , in Panc-1 cells untreated or treated for 48 hours with either 10 mM MPEG ODN 20 , ODN 20 or control molecules. We also measured the expression of unrelated genes such as bactin, tubulin and calreticulin in both treated and untreated cells. As none of these genes was affected by the oligonucleotides, the level of p21 RAS was referred to that of b-actin. A typical Western blot experiment is shown in Figure 3b . The results of two independent experiments are reported as (T/C) Â 100, the percent ratio between p21
RAS /b-actin of treated cells (T) and p21 RAS /bactin of untreated cells (C). Note that the level of p21 RAS in cells treated for 48 hours with 10 mM MPEG ODN 20 is reduced by more than 50%, compared with the cells treated with the control molecules. In keeping with the Northern blot analysis, ODN 20 exhibited a nonsignificant inhibitory effect on the Ki-ras expression. Next, we performed proliferation assays of Panc-1 cells exposed to MPEG ODN 20 or control molecules using the tetrazolium MTT salt. 39 The proliferation assays covered an incubation period of up to 72 hours. In this interval, under the experimental condition adopted, the cells performed two divisions and thus the initial number quadrupled. Figure 3c 
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) and 38% (P ¼ 6.5 Â 10 À5 ), respectively, compared to control (untreated cells). According to the calculated probability (P, standard t-test), the effect of MPEG ODN 20 on cell viability is statistically significant. In contrast, unconjugated ODN 20 (P ¼ .55) as well as the control molecules MPEG ODN scr1 (P4.233), ODN scr (P4.5) and MPEG (P4.19) did not promote a statistically significant inhibition, as compared to untreated Panc-1 cells. The experiments were also performed using the oligonucleotides at 1 and 5 mM. While at 1 mM MPEG ODN 20 did not have a significant effect on cell viability over an incubation of 72 hours, at 5 mM it reduced the percent of viable cells by 30% (Po.05), compared to untreated cells.
Binding of MPEG ODN 20 to the Ki-ras pur/pyr motif The capacity of both ODN 20 and MPEG ODN 20 to bind to the Ki-ras pur/pyr target was determined by gel mobility shift and DNase I footprinting assays. 0 GGAGGGGGAGAAGGGAGAAGGG. 38 Figure 4a (bottom) shows the binding of MPEG ODN 20 to the 32 mer Ki-ras duplex. In this case, the resulting triplex is characterized by a mobility much slower compared with that of the triplex formed by ODN 20 . This is due to the fact that, in aqueous solutions, MPEG is a molecule characterized by large exclusion volume that strongly increases the frictional coefficient of the triplex and thus reduces the mobility. 40 Note that an extra band appeared in the gel, probably due to a slight cleavage of the phosphate linkages occurring when MPEG ODN 20 is denatured at 901C, prior to incubation with the Ki-ras duplex. From analysis of two independent band-shift experiments, we estimated for the triplex formed by PEG ODN 20 a dissociation constant at 371C of about 1.5 mM. The capacity of PEG ODN 20 and ODN 20 to form a ODN antiproliferative activity correlates with protein binding S Cogoi et al triplex with the Ki-ras target was also investigated by DNase I footprinting (Fig 4b) . It can be seen that both MPEG ODN 20 and ODN 20 produced a similar protection profile, suggesting that the MPEG moiety does not interfere with the correct alignment of the conjugate to the major groove of DNA. Taken together, these data show that MPEG ODN 20 binds to the Ki-ras pur/pyr motif, and that the stability of the triple-helical complex (K d B10
À6
-10 À7 ), even under favourable in vitro conditions (absence of potassium ions), is two to three orders of magnitude lower compared to the stability of DNAprotein complexes (rK d B10
À9
). It is therefore unlikely that the bioactivity of MPEG ODN 20 is mediated by a triple helix that hinders the binding of nuclear proteins to the Ki-ras pur/pyr motif. Recent studies have shown that pur/pyr motifs are often associated with tetraplex structures and that this unusual DNA conformation binds to nuclear proteins. 41, 42 Since MPEG ODN 20 has the same sequence, except for the polarity, of the purine strand of Ki-ras pur/pyr sequence, we addressed the question whether MPEG ODN 20 also interacts specifically with nuclear proteins that bind to the human Ki-ras pur/pyr motif.
19,43
ODN 20 and MPEG ODN 20 bind to a nuclear factor specific for the Ki-ras pur/pyr motif Panc-1 nuclear proteins were extracted and used to perform EMSA experiments with radiolabeled Ki-ras duplex D. In addition to D, we used other two duplexes, namely M1 and M2, which were obtained from D, by replacing, respectively, 4 and 6 CGs with TAs (Fig 5a) . These base-pair substitutions in the wild-type Ki-ras duplex resulted in a failure of triplex formation between ODN 20 /MPEG ODN 20 and duplexes M1 and M2 (Fig 5b,  top) . Next, the three duplexes D, M1 and M2 (10 nM, B4 ng) were radiolabeled and incubated for 2.5 hours with 4 mg of Panc-1 nuclear extract, either in the presence (lanes 1,3 and 5) or absence (lanes 2,4 and 6) of 100 ng poly d(I-C). It can be seen that three DNA-protein complexes (bands b1, b2 and b3) are formed by both wildtype and mutated Ki-ras duplexes, independently from the presence or absence of competitor poly d(I-C) (Fig 5b,  bottom) . In a separate experiment, we observed that all bands were competed away by excess unlabeled duplexes D, M1 and M2, but not by unrelated duplexes (for instance, plasmids PSVCAT, pTK-bgal, a duplex recognizing Sp1), suggesting that protein binding is sequence specific (not shown). Figure 6a shows that both ODN 20 and PEG ODN 20 competitively inhibited the interaction between the radiolabeled Ki-ras duplex and nuclear proteins. Incubating 4 mg of extract for 2.5 hours with 10 nM radiolabeled Ki-ras duplex in the presence of 100 ng poly d(I-C), 50-and 100-fold excess of cold ODN 20 (lanes 2,3) or PEG ODN 20 (lanes 5,6) resulted in the inhibition of the interaction between radiolabeled Ki-ras duplex and the nuclear protein forming the slowermigrating complex (band b1). By contrast, the addition of 100-fold excess of cold competitors c1, c2 and c3 did not result in the abrogation of band 1 (lanes 7-9). The inhibition effect is sensitive to the oligonucleotide conformation, as ODN 20 heated prior to incubation with the nuclear extract exhibited a reduced inhibitory capacity (lane 4). As shown previously, the DNA-protein complexes are also formed by the mutated duplexes M1 and M2. Since triplex formation was only possible with D, but not with M1 and M2, the protein-binding inhibition promoted by ODN 20 and MPEG ODN 20 was not mediated by a triple helix at the Ki-ras motif. In fact, if complex b1 had been inhibited by a triplex at the pur/pyr motif, one should have expected inhibition only with wildtype Ki-ras duplex, but not with mutated M1 (lane 11) and M2 (lane 12). This finding suggests that ODN 20 and MPEG ODN 20 do not hinder the binding of the nuclear factors to the Ki-ras pur/pyr motif by triplex formation at this site, but instead behave as aptamers, interacting directly with the nuclear proteins. It is noteworthy that when the slower-migrating complex (band b1) is competed away with cold oligonucleotide, the intensity of the faster-migrating complex (band b3) is increased. This is due to the fact that when cold ODN 20 and MPEG ODN 20 bind to the nuclear protein from band b1 (and also from the faint band b2), the radiolabeled duplex is entirely free to form the complex in band b3. Thus, the increase in intensity of band b3 indicates that ODN 20 and MPEG have competed with the pur/pyr motif for binding to the nuclear proteins. Direct evidence that ODN 20 and MPEG ODN 20 bind to Panc-1 nuclear proteins was obtained by UV-crosslinking experiments. Mixtures containing radiolabeled ODN 20 /MPEG ODN 20 and Panc-1 extract were incubated at 371C for 2.5 hours and examined on a SDSpolyacrylamide gel, after UV irradiation at 254 nm (Fig  6b) . It can be seen that both ODN 20 and MPEG ODN 20 form one major crosslinked DNA-protein complex with an apparent molecular weight of about 100 kDa. Next, we also analyzed by UV crosslinking the effect of ODN 20 and MPEG ODN 20 on the binding of Panc-1 proteins to the pur/pyr motif. Figure 6c shows that also in this case a major DNA-protein complex of about 100 kDa was obtained. This complex was competed away by ODN 20 (lane 2) and MPEG ODN 20 (lane 4), but competitors c1-c3 did not produce the same effect (lanes 6-8) . In addition, when ODN 20 and MPEG ODN 20 were heated prior to incubation with radiolabeled Ki-ras duplex and Panc-1 extract, their capacity to inhibit the protein binding appeared significantly reduced (lanes 3, 5) . Taken together, these data indicate that both ODN 20 and MPEG ODN 20 form a specific DNA-protein complex of about 100 kDa with a nuclear Panc-1 protein that normally recognizes the Ki-ras pur/pyr motif.
ODN 20 and MPEG ODN 20 adopt in solution an unusual conformation
Finally, we wished to investigate whether MPEG ODN 20 and ODN 20 adopt in solution a non-B-DNA conformation. To this aim, we incubated these nucleotides overnight in 50 mM Tris-acetate, pH 7.4, 10 mM MgCl 2 and 100 mM KCl, ODN 20 and MPEG ODN 20 (3 mM) and performed a CD analysis. Figure 7 shows CD spectra of ODN 20 and MPEG ODN 20 as a function of temperature. It can be seen that both oligonucleotides exhibited the same type of spectrum, characterized by a strong and positive ellipticity at 260 nm, and a weak and negative ellipticity at 240 nm. This CD spectrum has been associated to a parallel tetraplex. 44, 45 It is noteworthy that MPEG ODN 20 is characterized by an ellipticity at 260 nm which is about five times lower than that of ODN 20 , probably due to the fact that only a fraction of the conjugate adopts a tetraplex conformation because of 
Discussion
The Ki-ras gene is located in chromosome 12, at locus 12p12.1. 46 It encodes for a GTP/GDP-binding protein, p21 RAS , which is associated to the inner layer of the plasma membrane. In response to extracellular signals, p21 RAS exchanges GDT for GTP and switches in the active state that transmits to the nucleus signals for cell proliferation. 47 Point mutations at codon 12 48 generate a mutated p21
RAS that persists in the active state constantly transmitting mitotic signals to the nucleus. Under these conditions, the cells lose growth control. In most pancreatic and colorectal cancers, the Ki-ras gene is found to be activated and/or overexpressed. 49, 50 In addition to hyperactivation, the Ki-ras oncogene may also be amplified in certain tumors. 51 A downregulation of Ki-ras expression in tumor cells should result in a reduction of p21 RAS level and of cell growth. This has been observed in several human cell lines including Panc-1, by using antisense ODNs generated in vivo by specific vectors. 52 A drug acting at genomic level and with the capacity of interfering with the transcription of the Ki-ras gene should probably be more efficacious than antisense ODNs. In this study, we have investigated the capacity to inhibit transcription of a 20 mer ODN, which was designed to bind, via triple helix formation, to a pur/pyr motif in the Ki-ras promoter. This target plays a critical role for transcription as, in both human and mouse, is recognized by nuclear proteins. 19, 37, 43 To enhance its capacity to cross the cellular membranes and resist to endogenous nucleases, the 20 mer ODN was conjugated at the 3 0 -end with a chain of MPEG and its backbone was modified by substituting five phosphate groups with five phosphorothioates. Confocal microscopy showed that MPEG ODN 20 was distributed homogeneously inside the cells and localized in the nucleus. As judged from FACS analysis 48 hours after addition to the cells, the amount of MPEG ODN 20 present in Panc-1 cells was about 6-7 times higher than the amount observed with the unconjugated ODN 20 . Northern blot analysis performed 24 hours after cell treatment with 10 mM MPEG ODN 20 showed that the level of Ki-ras mRNA relative to GAPDH mRNA was reduced by about 30%, compared with Panc-1 cells treated with the control molecules. By contrast, ODN 20 did not promote any significant inhibitory effect, in keeping with the finding that this unmodified oligonucleotide was poorly taken up by the cells. In addition, Western blots performed 48 hours after treatment with the various oligonucleotides showed that MPEG ODN 20 reduced the expression of p21 RAS by about 50%. The different levels of inhibition found for p21 RAS and Ki-ras mRNA reflects probably the fact that these macromolecules have different half-lives and the assays have been performed at different times. Moreover, the downregulation of Ki-ras by MPEG ODN 20 promoted a growth inhibition of 40%, as one expects from a gene involved in the transmission of mitotic signals. 47, 53, 54 We found that the MPEG moiety slightly hinders the binding of the conjugate to the Ki-ras pur/pyr motif. In fact, triplex formation between MPEG ODN 20 and Ki-ras pur/pyr duplex is characterized by a K d of 1.5 mM at 371C, which is about one order of magnitude higher than that observed with ODN 20 (0.2 mM at 371C). Nonetheless, MPEG ODN 20 was found to be biologically active while nonconjugate ODN 20 analog was not. This correlates with the fact that the conjugate was taken up by the cells and internalized in the nucleus much more efficiently than the unconjugated analog. As DNA-protein complexes are characterized by K d 's in the nano-to-pico molar range, 47 it seems unlikely that the formation of a triplex with a K d of 1.5 mM at the Ki-ras pur/pyr motif, is responsible for the bioactivity of MPEG ODN 20 ; in particular, if one also considers that the reported K d 's of triplex formation have been measured in the absence of a physiological concentration of potassium ions, which have been shown to inhibit triplex formation. 55, 56 In the light of these results, we investigated the precise mechanism by which MPEG ODN 20 inhibited the expression of the Ki-ras gene. We found that the bioactivity of MPEG ODN 20 originates from efficient and specific competitions with Ki-ras pur/pyr motif to bind to a nuclear protein. A 100-fold excess of cold ODN 20 or MPEG ODN 20 over radiolabeled Ki-ras target resulted in a strong inhibition of protein binding to the pur/pyr motif. Using mutated Ki-ras duplexes, which were unable to form a triple helix, but able to form DNA-protein complexes with the Panc-1 extract, we concluded that the inhibition of protein ODN antiproliferative activity correlates with protein binding S Cogoi et al binding was not due to triplex formation at the pur/pyr motif, but to direct binding of ODN 20 and MPEG ODN 20 to a nuclear protein.
The fact that ODN 20 and MPEG ODN 20 bind to nuclear protein recognizing the Ki-ras pur/pyr motif is not casual, but correlates with the probable role played by pur/pyr sequences in gene regulation. It should be noted that pur/pyr sequences are present in the 5 0 region of many genes and that non-B-DNA conformations are associated with these sequences, in the presence of topological stress. 41, 42, 57 In particular, studies conducted with the pur/pyr motif in c-myc, but also with other genes including Ki-ras, have shown that the purine strand adopts a G-quartet conformation. 41, 42 Since the sequence of ODN 20 and MPEG-ODN 20 is similar to that of the purine strand of the Ki-ras motif, except for inversion of polarity, one expects that these oligonucleotides also assume a G-quartet conformation in solution. In fact, circular dichroism spectroscopy indicates that ODN 20 and MPEG ODN 20 (at mM concentrations) assume in solution a parallel tetraplex structure with a Tm of 571C. Thus, under physiological conditions, the interactions between ODN 20 /MPEG ODN 20 and the slow-migrating nuclear protein should be mediated by a tetraplex conformation. Direct evidence that ODN 20 and MPEG ODN 20 bind to nuclear proteins was obtained by UV crosslinking experiments. As expected, when the oligonucleotides were denatured before incubation with the Panc-1 extract, they lost part of their capacity to interact with the protein in the100 kDa complex.
To conclude, the data reported in this study provide the molecular basis for the development of a new anti-gene strategy based on the use of aptameric oligonucleotides directed against a nuclear protein critical for transcription that binds to a pur/pyr motif located in the Ki-ras promoter. Considering that pancreatic carcinoma cells are heterozygous for Ki-ras, this aptameric strategy would downregulate the transcription of both wild-type and mutated Ki-ras alleles. However, as pancreatic cancer cells depend more on mutated than on wild-type RAS protein, 52 the depletion of mutated p21 RAS should have a strong effect on cell growth. Moreover, this strategy should be particularly effective in tumor cells where the Ki-ras oncogene is overexpressed and amplified. 51 Abbreviations ODN, oligodeoxynucleotide; pur/pyr, polypurine/polypyrimidine; EMSA, electrophoretic mobility shift assay; PAGE, polyacrylamide gel electrophoresis; CD, circular dichroism; MPEG, monomethoxy poly(ethylene glycol); GAPDH, glyceraldheyde-3-phosphate dehydrogenase.
